Abstract-In this paper fault diagnosis of induction motor under mixed fault is carried out using precise analysis of the air-gap magnetic field based on time stepping finite element method. By feeding voltage instead of current density to the finite element computation part, the drawbacks of the application of finite element method in fault diagnosis of induction motor are overcome. Normally static eccentricity and broken rotor bars faults have been individually diagnosed in the published papers. Here diagnosis of the mixed fault, including static eccentricity and broken rotor bars, is introduced which is considered as a novel part of the present work. Precise analysis of magnetic field in the air-gap of a faulty induction motor is carried and performance of the motor is predicted. Taking into account the magnetic core saturation is another advantage of the present work. This is required in the transient analysis of a faulty motor.
INTRODUCTION
Fault diagnosis systems are used as a tool for maintenance and protection of the costly systems against faults. These systems predict performance by receiving the required information from the system or process. If the predicted performance corresponds with the defined fault conditions, the relevant fault is flagged. The most important benefit of fault diagnosis is that the probable damage of system can be predicted by analysis of parameters changes. Even it is possible to estimate the fault instant and specify the part that causes such fault [1] .
Magnetic field distribution within the motor contains full information on the stator, rotor and mechanical parts of the motor [2] . Having this magnetic field distribution makes it possible to evaluate the actual performance of the motor. Therefore, all electrical motors faults can be diagnosed by continuous analysis of the magnetic fields [2] . Abnormal magnetic field distribution as the results of the broken rotor bars and eccentricity degrades the steady-state and dynamic performance of the motor. Changes of parameters of the motor caused by different faults are taken into account and, the performance of the motor is then predicted.
In practice, the air gap magnetic field can be measured by a small search coil where a sensor is fixed in the air gap and the noise effect upon the sent signals is eliminated. In [3] , it has been shown that the fault can be detected by a search coil outside the machine. Generally, there are three major methods for modeling, analysis and diagnosis of faults in induction motor: winding function method (WFM), equivalent magnetic circuit method (MECM) and finite element method (FEM).
The WFM normally ignores the core saturation [4] [5] [6] [7] [8] [9] [10] . Basically the WFM cannot easily take into account the magnetic field saturation effect upon the performance of the motor. Therefore, continuous inspection of the magnetic field for fault analysis and diagnosis is impossible using the WFM. The MECM needs shorter computation time compared with the FEM, but it is less accurate. Meanwhile, the directions of the magnetic flux lines must be already known [11] . It is noted that the precise mathematical models of the motor are complicated and methods such as the MECM or d-q-o model is not capable to diagnose the fault in the real cases [12, 13] . FEM is based on the magnetic field analysis that is capable to include spatial harmonics effects due to the topology of magnetic circuits, split winding pattern, non-linearity of ferromagnetic material and different faults in the stator and motor [14] [15] [16] [17] [18] [19] . Magnetic field distribution within the motor can be evaluated using FEM, based on the dimensions and magnetic parameters of the motor. Knowing the magnetic field distribution, other quantities, such as induced voltage waveform, magnetic flux density within the air gap and inductances of different windings of the motor are obtained [20] [21] [22] [23] .
In [2] , magnetic field and flux density have been obtained for a motor with 3 and 4 broken bars. It has been shown that the location of rotor bar breakage influence the magnetic field distribution. In [3] , magnetic field distribution within a healthy machine and a machine with 5 broken bars are obtained. Also it has been shown that the broken rotor bars can be detected by inserting a number of few search coils inside and outside of the machine. It has been proved that only a search coil outside machine can diagnose the rotor bars breakage. In [1, 3] , the current of the broken bars is taken to be zero which means a considerable increase of the adjacent bars current. However, by taking into account the inter-bar current, the above assumption is not so valid. The next point is that, in the above-mentioned paper only broken rotor bars have been investigated while presence of intrinsic static eccentricity, existing even in new motors, must be taken into account [24] . In other words mixedfault must be considered. The last point is that in the FEM, current density is taken to be the input. If the object is not determination of the current frequency spectrum or analyzing transient mode, such assumption can be applied. Otherwise, the motor winding current must be calculated using alterative method, and this may complicate the FEM application [1] .
Time stepping finite element coupled state-space (TSFE-SS) method can be used to calculate the inductances of the machine, current and other required variables are then determined by an analytical method, and they are used as input of the FE equations. This iterative process continues up to converging the actual solution. It is necessary to emphasize that this convergence depends on the initial values of the current and rotor angular position. Also, FEM has been only used for inductance estimation, the remaining computations and analyses have been carried out in the space state, it means that two different procedures must be employed which complicated the computations process. This paper does not assume a zero current for broken rotor bars but the resistance of such rotor bar is taken to be large. In this paper, the TSFE technique is used for analysis and diagnosis of a mixed fault in induction motor where voltage supply considered as input of FE computation part. Then stator phase current is calculated as the unknown value. Since all calculations and analyses are carried using FEM, a very high precision is achieved.
So far FEM methods have been used for analysis and diagnosis of fault in induction motor in the steady-state case, while noise, unbalanced magnetic pull (UMP) and even arcing occur during the starting mode. Therefore, in the present paper electromagnetic torque of the healthy motor, motor with static eccentricity and motor with mixed fault during the starting period are analyzed. In addition, in the proposed modeling, geometrical complexities of the stator structure and rotor, spatial distribution of the stator windings, slots on both sides of the air gap and non-linearity of the core materials are taken into account. The drive elements of the motor are paid a special attention because the magnetic forces somehow determine the positions of these elements and these positions in turn affect the internal magnetic field of the motor. Since there is inter-bar current in broken rotor bars, the broken bars current in the modeling relevant to the breakage of the bars, is not assumed equal to zero, but the resistance of the broken bar is considered a large value. In the introduced FEM the input of the FE equations is voltage.
Magnetic flux and flux density for a healthy motor, a motor with 1 broken rotor bar and 10% static eccentricity and 4 broken rotor bars and 30% static eccentricity are studied. The results are presented for a three-phase, 4 poles, 230 V, 3 hp and 60 Hz induction motor. Opera 20-10.5 package is used for FE computations.
BROKEN ROTOR BAR, STATIC ECCENTRICITY, AND MIXED-FAULT

Broken Rotor Bars
The reason for around 5 to 10% of the faults in squirrel-cage induction motors is broken rotor or cracked bars and end-rings breakage [30] . There are many reasons for such faults which include: thermal stress due to over load, non-uniform heat distribution, hot spot and arc, magnetic stresses due to the electromagnetic force, unsymmetrical magnetic force, electromagnetic vibrations, residual stress from manufacturing stage, dynamic stress due to axial torque, environmental stress due to the contamination, materials wearing by chemical materials and humidity mechanical stress due to mechanical fatigue of different parts, faulty ball-bearings and laminations loosing [31] . Fig. 1 presents a distributed model of squirrel-cage rotor of a healthy motor. As shown in this figures, every two adjacent bars form a loop. Fig. 2 presents the distributed model of a squirrel-cage rotor with a broken rotor bar.
Static Eccentricity
When the rotor, stator and rotational axes of a motor are not coincide, the air gap becomes non-uniform. Approximately 80% of the mechanical faults lead to the stator and rotor eccentricity [32] . Of course, this eccentricity may occur during the process of manufacturing and fixing the rotor. There is different eccentricity including static, dynamic and mixed. When the static eccentricity occurs, the rotor rotational axe is coincide with its symmetry axe, but has displacement with the stator symmetrical axe. In this case, the air gap around the rotor misses its uniformity, but it is invariant with time. Fig. 3 shows the cross section of the proposed induction motor and Fig. 4 exhibits the corresponding figure with static eccentricity. 
Mixed-Faults
In the case of broken rotor bars in the presence of the intrinsic static eccentricity, the instantaneous presence of two faults must be considered. Meanwhile, rotor bars breakage causes the static eccentricity and it is possible that two faults occur simultaneously.
FE ANALYSIS OF INDUCTION MOTOR UNDER FAULT
Previously FE was applied for steady-state analysis of electrical machine, but now it can be easily used for transient analysis due to the availability of more powerful computers. However, solving the governing equations of FEM needs long computation time. It is possible to reduce the computation time by using the geometrical symmetry of the machine. For example, one quarter of machine can be considered and the obtained magnetic field is extended for the whole structure of the machine. However, this cannot be used for mixed fault induction motor, because there is no symmetry any more.
Both healthy and faulty induction motors are modeled as shown in Fig. 5 . In the modeling of the faulty induction motor the terminal voltage is applied to the motor as the known input value.
The outer circuit showing the electric sources and unknown circuit elements must be combined with the field equation of FE technique [19] in order to form the transient equations. The non-linear equation enabling to relate the FE formula (expressing electromagnetic fields of motor) to the circuit equations is as follows [33] . are the coefficients matrices and P is the vector that related to the input voltage. In the steady-state analysis of induction motor, the on-load and no-load speed must be kept constant. After short time of applying the voltage to the motor, the system reaches the steady-state and then A is determined as follows [33] :
where ω is the angular frequency which is identical with that of the input voltage. The current vector potential vector A is determined by solving (2).
(a) (b) Figure 6 . Magnetic flux distribution for healthy motor and motor with 4 broken bars and 30% eccentricity. Fig. 6 shows the magnetic flux distribution for healthy motor, a motor with 4 broken rotor bars and 30% eccentricity. Fig. 6 (a) presents the magnetic flux distribution of a healthy and symmetrical induction motor.
When the rotor bars are broken, the current of these bars passes the adjacent bars. Lower current of the broken bars means a higher current in its adjacent bars which may saturate those stator and rotor teeth that are close to the adjacent bars. On the other hand, this causes the asymmetrical distribution of the magnetic flux for a motor with static eccentricity. The reason for asymmetry of the magnetic flux distribution is the injection of the harmonics, caused by the static eccentricity fault, to the stator current. The simultaneous faults cause saturation in the stator and rotor teeth close to the broken bar and also degree of asymmetry of the magnetic flux increases. Fig. 6(b) presents the magnetic flux distribution of an induction motor with 4 broken bars and 30% static eccentricity.
The influence of the fault upon the magnetic field distribution of the motor is detected by comparing such distribution for healthy and faulty motors. Influence of different faults on the magnetic vector potential A has been shown in Figs. 7-9 . The broken rotor bars and static eccentricity (mixed-fault) deviate the magnetic potential vector compared with that of the healthy motor. By rising the degree of eccentricity, this deviation increases, and asymmetrical magnetic field distribution or deviation of the magnetic potential vector results in more harmonic components. This develops vibration torque, asymmetrical magnetic stress, noise and even arc. Taking into account (1) and (2) and determining the magnetic potential vector A, the magnetic flux density is obtained as follows : In the normal operation of the motor, the magnetic field within the air gap has the following distribution:
In (4), the odd harmonics form the main parts of the air-gap MMF waveform and the even harmonics cause the MMF ripples. During the faults, the intensity of the main harmonics and also ripples vary based on the type and degree of the fault. Fig. 10 shows the air gap magnetic flux density distribution for no-load and full-load healthy induction The fault causes an asymmetry of the magnetic flux density distribution. A higher degree eccentricity fault leads to a more asymmetry of the magnetic flux density distribution. In the case of mixed fault, the air gap field, consisting of the main components, rotor and stator mmf harmonics and the rotor and stator slot permeance harmonics, will results in additional harmonic components due to the fault. Consequently, the main harmonics of the slot in the phase current rises as a function of the asymmetry of the air gap. Therefore, the harmonic components of the stator phase current increase that lead to the rise of the forces variations and electromagnetic torque of the motor. Since the magnetic forces influence the magnetic field within the motor, the fault and its extension, increases the magnetic force and torque variations rate and consequently it leads to asymmetrical air gap magnetic flux density distribution. This is clear from Figs. 10-12.
PERFORMANCE ANALYSIS OF FAULTY INDUCTION MOTOR
In a healthy three-phase motor, the rotating field of the stator and rotor interacts and develops uniform torque. In a faulty motor, there is an opposite field to the stator that induces current in the rotor, and it develops a torque with frequency twice slip frequency which increases the noise and slip. The oscillation frequency of the torque noise rises when the load increases. In the modeling of induction motor using FEM, the schematic figure shown in Fig. 5 is used for electromagnetic torque calculation by Maxwell stress tensor.
Based on the Maxwell stress technique, the stress tensor applied to the rotor surface is as follows:
where B n and B t is the radial and tangential components of the magnetic field respectively. By integrating ξ over the stator and rotor surface, the radial and tangential force and also electromagnetic torque are determined as follows. increases the rate of the electromagnetic torque variations during the starting period. Fig. 17 shows time variations of torque for 30% static eccentricity with constant µ. Magnetic saturation decreases the stator selfinductances and also effective magnetizing inductance. Therefore, reluctances of the stator and rotor teeth and thus magnetic potential increase considerably.
Consequently, there is a considerable decrease of the starting electromagnetic torque variations rate compared with that of the constant µ case. Comparison of Figs. 14 and 17 indicates the influence of the saturation upon the analysis of a faulty induction motor. 
CONCLUSION
All faults in electrical motor can be diagnosed accurately using the TSFE technique when the input of the FE computation is the applied voltage. This technique solves the complexities of the FE technique with current-fed, because the terminal voltage of the motor has been considered as the required input value. In addition, it has been found that there is no need to use additional software for some calculations. This prevents the duality in the accuracy during the complete computations process. The mixed fault induction motor has been analyzed which is considered a novel part of the work. Influence of the core saturation upon the analysis of a faulty induction motor has been investigated. In fact steady-state analysis of induction motor does not change that much in the fault case, because the motor operates on the knee of the magnetization characteristic. But in the transient analysis of induction motor, saturation affects the performance of the motor so much due to a very high starting current. It means that the fault diagnosis of induction motor using the transient analysis is not valid if µ is taken to be constant.
